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Abstract: An optofluidic system based on photothermal spectroscopy is proposed, which
combines molecular photothermal effect with Nb,CTx MXene-tilted fiber Bragg grating (TFBG)
for the detection of organophosphorus pesticides (OPs) with temperature compensated. Under
the irradiation of excitation light, the photothermal effect of OPs produces a detectable change in
the refractive index of the sample, and the concentration of chlorpyrifos can be quantified using
TFBG. The Nb,CTx MXene coated TFBG allow more molecules to be absorbed on the surface
of TFBG, which enhances the interaction between light and matter, and improves the sensitivity
of detection. The temperature compensation is performed by referring to the core mode of
TFBG, thereby eliminating the influence of ambient temperature on the photothermal detection.
The experimental results show that the sensitivity reaches 1.8 pm/ppm with a limit of detection
(LOD) of 0.35 ppm, and the obtained temperature compensation coefficient is 4.84 ppm/°C.
This photothermal biosensor has the advantages of low LOD, temperature compensation and
real-time online monitoring, making it a good candidate in medicine, chemistry and environmental
monitoring.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Organophosphate pesticides (OPs) are phosphorus-containing organic compounds. Due to their
high efficiency, low cost, wide range and low harm, OPs are widely used in agricultural planting to
prevent the proliferation of pests [1]. However, the problem of excessive pesticide residues poses
a serious threat to humans, and causes certain pollution to the environment. Studies have shown
that OPs will cause acute cholinergic neurotoxicity even at nanomolar concentration levels, and
acute poisoning or long-term exposure to subclinical OPs can produce some long-term neurotoxic
consequences [2,3]. In addition, carcinogenic bacteria may be present in soil contaminated by
OPs [4,5]. Therefore, it is necessary to real-time and accurate monitor the concentration of
pesticide residues in food and agricultural samples.

Currently, the different techniques for pesticide detection mainly include gas chromatography-
mass spectrometry (GC-MS) [6,7], high performance liquid chromatography (HPLC) [8,9],
electrochemistry [10-12] and surface plasmon resonance (SPR) [13,14]. These are often
complicated operation, susceptible electromagnetic interference, and low sensitivity. Compare
with the conventional way, photothermal spectroscopy (PTS) exhibits higher sensitivity and
selectivity. This is due to the photonically activated thermal signal only comes from the optical
absorption of analyte at a specific wavelength, which effectively avoids the influence of scattering
and reflection losses on the measured signal [15]. A method utilizes photothermal detection
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based on thermal lens spectroscopy has been proposed to measure low-concentration pesticides
in vegetable samples [16]. The photon excites the analyte to yield a detectable change in
the refractive index (RI) of sample, and the disturbance of the probe light can provide the
concentration information of the analyte. It has the advantages of low cost and no sample
pretreatment, but the complex optical path needs to construct and is susceptible to external
interference.

In recent years, optical fiber sensors have attracted the attention of researchers due to their anti-
electromagnetic interference, simple structure, label-free and real-time detection characteristics.
Tilted fiber Bragg grating (TFBG) biosensor have been proved as good platform for the detection
of specific molecules in the fields of disease diagnosis, gas monitoring and PH assessment,
because its unique properties of high sensitivity, robustness and temperature insensitivity provided
by the reference of core mode [17-19]. TFBG is a special short-period fiber Bragg grating (FBG)
written with a small tilt angle. In TFBG, a series of cladding modes are sensitive to the change
of surrounding environments, so it is a feasible choice for detecting physical or biochemical
quantities. More importantly, the core mode is also sensitive to temperature compared with
other optical fiber, which resulting in the influence of ambient temperature can be eliminated
while detecting biomolecules. The sensitivity in low RI region can be improved by increasing
the tilt angle, coating the metal film to excite SPR, or integrating two-dimensional materials
[20-22]. MXene is a two-dimensional transition metal carbide similar to graphene. Its molecular
formula is M;;1 X, Tx, where M is a transition metal, X is C or N, and Ty is a surface functional
group [23]. MXene has been widely used in the field of biosensing due to its unique physical
and chemical characteristics. The layered structure of MXene makes it have a larger specific
surface area, which can increase the contact area with external substances, thereby adsorbing
more biomolecules and improving the sensitivity of detection. The functional groups of MXene
nanosheets surface, such as =0, -OH, and -F, exhibiting good hydrophilicity that effectively
improve the capture of water molecules, and also enhance the detection of biomolecules in the
solution [24-26]. Consequently, it is a promising approach that MXene integrated with TFBG to
enhance the interaction between light and matter and improve the sensing performance.

In this paper, the niobium carbide (Nb,CTx) MXene-TFBG was utilized to detect the
concentration of OP (chlorpyrifos) based on the molecular photothermal effect. Under the
irradiation of excitation light, the photothermal signal produced by chlorpyrifos absorbing the
photon energy changes the RI of the analyte, leading to the changes in the resonance wavelength
and intensity of the TFBG cladding modes. Nb,CTx MXene is coated on the surface of TFBG by
optical deposition method. Its large specific surface area and biocompatibility allow chlorpyrifos
molecules to be adsorbed on the surface and enhance the light-matter interaction. The influence
of ambient temperature can be eliminated by monitoring the core mode of TFBG. Combining the
photothermal detection method with Nb,CTyx MXene-TFBG shows high sensitivity, temperature
compensation, no pretreatment and online label-free detection of chlorpyrifos. Therefore, the
proposed photothermal biosensor can be utilised in the fields of food safety monitoring and
disease diagnosis.

2. Materials and methods

2.1. Fabrication of the MXene-TFBG biosensor

The TFBG with a tilted angle of 16° is prepared by the phase mask method whose transmission
spectrum has the largest resonance amplitude within the refractive index range of the liquid
(1.32-1.42). The 16°-tilted TFBG was fixed in the flow cell with UV glue, and the Nb,CTx
MXene nanosheets (Nanjing Xianfeng Nano Material Technology Co. Ltd.) were coated on the
TFBG sensing area with the optical deposition method. The dimension of the flow channel in the
PMMA-based microfluidic chip is 40 mm X 4 mm X 2 mm. There are two small holes on the
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outside of the channel as the inlet/outlet of the liquid, and the other hole in the middle is used to
pass the laser into the channel to excite the photothermal effect of the molecules.

2.2. Detection principle

The incident light guided by the core interacts with the permanently modulated grating, and the
tilt of the grating plane direction makes the light satisfying the phase matching condition couple
to the core and cladding modes that propagate backward, as shown in Fig. 1(a). A large number
of cladding modes correspond to specific resonance wavelengths, leading a resonant comb in
the transmission spectrum of the grating. Part of the light transmitted in the cladding mode
leaks outside the cladding boundary to form an evanescent field, which is sensitive to changes
in the surrounding environment [27]. The effective RI of the cladding mode changes with the
environmental RI, resulting in a shift in the resonance wavelength of the corresponding cladding
mode (Fig. 1(b)). The boundary between the guided mode and the leakage mode is called the
“cut-off” point (the black arrows marked in Fig. 1(b)), where the evanescent field penetrates the
external medium to the greatest extent and therefore has the highest sensitivity [28]. The core
mode is confined inside the fiber, thus it is less disturbed by the environmental RI. The resonance
wavelengths of the core mode Apg, and the ith cladding mode A4, can be expressed as [29]

ore I\
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where ng"’e is the effective RI of the core mode, n, is the effective RI of the ith cladding mode.
A is the period of the grating, and 6 is the tilted angle between the grating plane the vertical
plane of the fiber. The sensing capability of TFBG can be improved through the mode selection
mechanism. After linearly polarized light enters the TFBG, there are two cladding modes in
the fiber: the polarization mode parallel to the grating plane (P-mode) and perpendicular to the
grating plane (S-mode). Figure 1(c) shows the horizontal component of the P-mode and S-mode
transverse electric fields obtained by COMSOL simulation.

R = tanh*(kL) 3)

The resonance intensity R of the cladding mode is related to the coupling coefficient k of the
core and cladding modes, and also depends on the length L of the grating region of the TFBG.
The coupling coefficient decreases with the increase of environmental RI, resulting in a decrease
in resonance intensity.

Photothermal technique depends on the absorption of optical radiation by the analyte, which
is provided by a laser source. The subsequent non-radiative relaxation of the sample absorbs
photonic energy to generate heat, resulting in the rise of sample’s temperature (107~ 1073
K) to yield a detectable change in RI. The relationship between the RI of the analyte and its
concentration and temperature is expressed as [30]

n=no+aC+ BT (€))

where ng is the RI of the solvent, and «, § are the concentration and temperature coefficient of
the analyte RI, respectively. The concentration coefficient of the chlorpyrifos RI is small, so the
change of its RI is mainly attribute to temperature. The change of temperature caused by the
photothermal of the analyte are given by [31]

AT = Py t[1 - exp(_g(/lexc)CDeﬁ”)] ()

It can be seen that the change of temperature AT is determined by multiple parameters. 7 is the
part of the absorbed laser power converted to heat energy. P,y is the laser power that excites the
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Fig. 1. (a) Schematic diagram of TFBG biosensor. (b) Transmission spectrum of 16° TFBG
under different RI. (c) Simulated horizontal component of the P-mode and S-mode transverse
electric fields close to “cut-off”.

molecular photothermal effect, and 7 is the irradiation time. & is the molar absorption coefficient
for excitation light with a specific wavelength A.,., C is the concentration of the analyte, and Do
is the effective depth of the solution. We can conclude from Eq. (5) that when the analyte and the
excitation light are determined, the change of temperature caused by the molecular photothermal
effect is only related to P,,., t and C. The thermal signal during excitation light irradiation can be
enhanced by increasing P,,. and ¢, leading to a detectable change of sample’s RI, and realize the
quantification of the analyte concentration.

2.3. Experiment setup for pesticide detection

In the experiment, the Nb,CTx MXene-TFBG was fixed in the microfluidic channel. A peristaltic
pump was used to inject the chlorpyrifos sample solution (Shanghai Aladdin Chemistry Co.
Ltd.) into the microfluidic chip to avoid the influence of the external environment on the sample
detection. The 400 nm laser source (Changchun New Industries Optoelectronics Technology
Co. Ltd., spot diameter: 3.5 mm) was used as an excitation light source to irradiate the analyte
through a focusing lens to produce photothermal effect and change the RI of the solution. A
supercontinuum broadband source (SBS, SuperK COMPACT, NKT Photonics) was used to
excite the sensing TFBG, and the output light was detected by an optical spectrum analyzer (OSA,
AQ6317C, Yokogawa). The minimum wavelength resolution is 0.02 nm. The linear polarizer
and polarization controller are used to adjust and orient the polarization state of the incident light
to ensure that the TFBG only works in one polarization state. The schematic structure of the
optical setup is shown in Fig. 2. The insert gives the fabricated microfluidic chip.
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Fig. 2. Optofluidic system for pesticide detection based on photothermal spectroscopy.

3. Results and discussion
3.1. Characteristics of the MXene-TFBG

Figure 3(a) shows the scanning electron microscope (SEM) image of Nb,CTx MXene nanosheets
(Nanjing Xianfeng Nano Material Technology Co. Ltd.). The few layers of Nb,CTx MXene are
dispersed in NMP solvent, and the lateral size of the sheet is 1-7 pm, which is informed from the
transmission electron microscope (TEM) image (Fig. 3(b)). The inset gives the magnified TEM
image that shows the Nb,CTx MXene accumulation of different thicknesses, and the thickness of
sheet is 1-5 nm. Figure 3(c) demonstrates the Raman spectrum of the Nb,CTx MXene, recorded
by a Raman microscope (RENISHAW inVia Raman Microscope, 532 nm green light). The two
Raman peaks of w; and w; corresponding to the in-plane oscillations of Nb and C atoms, which
are characteristic of Nb,CTy [32].

We took optical microscope images of the TFBG surface before and after Nb,CTx MXene
coating to confirm the decoration (OM, Olympus DSX1000). As shown in Fig. 3(d), the boundary
between the fiber and the Nb,CTx MXene layer can be clearly distinguished. Figure 3(e) shows
that the thickness of the deposited film is 395.2 nm (Dektak 150, Veeco). After Nb,CTx MXene
coated on the surface of TFBG, the resonance intensity of the cladding mode decreases, as shown
in Fig. 3(f). This phenomenon arises from the strong optical absorption of the Nb,CTx MXene.

3.2. Investigation of pesticide photothermal effect

Chlorpyrifos is an organophosphorus pesticide with good optical absorption characteristics in the
range of 300 — 400 nm, as shown in Fig. 4(a) (UV-vis spectrometer UV-5100B). We choose a
400 nm laser source as the excitation light to irradiate the analyte and induce photothermal effect.
According to the theoretical analysis in section 2.2, at a fixed concentration, the photothermal
signal generated by the molecule is related to the power of the excitation light P,,. and the sample
irradiation time ¢. With the increase of P,,. and ¢, the photothermal signal gradually increases,
which amplifies the change in RI of the solution and improves the sensitivity of detection.

The chlorpyrifos solution with a concentration of 50 ppm flows into the microfluidic chip
through a peristaltic pump. A 20 mW 400 nm laser is focused into the chip through a lens to
excite the photothermal effect of the analyte. Continue to irradiate for 10 minutes, and record the
TFBG transmission spectrum every 2 min (Fig. S1). The experimental results show that as the



Vol. 12, No. 11/1 Nov 2021/ Biomedical Optics Express 7056 |

@ ® ©
7 )  Sasrh : y o2
£z
2
8 (O]
g
g
£
1
-1
400 600 800 1000 1200
Wavenumber (cm™)
()] (e) ®
5000 2
" a g~ il [
|
- = W H \
I A
S 2000 395.2 nm 4 H ’
C, £ |
= =
1000 E "
0 Conted TFBG
12
-1000
0 100 200 300 1480 1500 1520 1540 1560 1580 1600
Length (um) Wavelength (nm)

Fig. 3. (a) SEM image of Nb,CTx MXene dispersion. (b) TEM of Nb,CTx MXene
nanosheets. Inset: magnified TEM image of NboCTx MXene nanosheets. (c) Raman
spectrum of the NbpCTx MXene. (d) Optical microscope images of the TFBG surface before
and after NbpCTx MXene coating. (e) Height profile alone the Nb, CTx MXene-TFBG. (f)
Transmission spectrum of bare and coated TFBG.

irradiation time increases, the resonance wavelength shift of the TFBG cladding mode gradually
increases, as shown in Fig. 4(b). Under laser irradiation, its resonance wavelength shifts to the
long wavelength direction (red-shifts). This is due to the heat energy generated by the analyte
absorbing light which increases the RI of the solution, resulting in an increase in the effective
RI of the cladding mode. At the same conditions, the Nb,CTx MXene-TFBG was irradiated
with excitation light, but the resonance wavelength of the cladding mode did not change. This
indicates that the photothermal signal only comes from the analyte when detecting chlorpyrifos,
and the photothermal signal produced by the molecule gradually increases with the improve of
the irradiation time.

Furthermore, we investigated the influence of excitation light power on molecular photothermal
effects. The excitation light with different power (0-20 mW) was used to irradiate 50 ppm
chlorpyrifos solution, and record the change of TFBG transmission spectrum with laser power
(Fig. S2). Figure 4(c) shows that the resonance wavelength of the TFBG cladding mode also
red-shifts with the increase of laser power, and the offset is positively correlated with power.
Therefore, we have verified that the photothermal effect of biomolecules becomes more obvious
with the increase of irradiation time and excitation light power. Optimizing these two factors
can enhance the photothermal signal produced by chlorpyrifos and increase the sensitivity of
detection. The resonance wavelength shifted significantly when irradiated for 8 min, thus we
chose to irradiate the sample with 20 mW 400 nm excitation light for 8 min to complete the
subsequent detection of the chlorpyrifos.

3.3. Detection of pesticide

According to the photothermal research of chlorpyrifos, we found that the photothermal effect
produced by the molecules absorbing photon energy can change the RI of the solution, thereby
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Fig. 4. (a) UV-Vis absorption spectrum of chlorpyrifos. The shift of TFBG resonance
wavelength with (b) irradiation time and (c) excitation light power.

resulting the resonance wavelength of the TFBG cladding mode to shift. The RI of organophos-
phorus pesticides has a low correlation coeflicient with concentration, thus the concentration of
chlorpyrifos solution can be quantified based on photothermal principle.

When bare TFBG was used to detect chlorpyrifos, the transmission spectrum of TFBG in
sample solutions of different concentrations (10 — 50 ppm) are shown in Fig. 5(a). Selecting
the resonance wavelength at the “cut-off”” point of the TFBG cladding mode for analysis, it is
obvious that the transmission spectrum of TFBG has not shifted. In contrast, the resonance
wavelength gradually red-shifted with the increase of analyte concentration when irradiated with
excitation light, as shown in Fig. 5(b). It shows the TFBG transmission spectrum under different
concentrations of chlorpyrifos solutions. The concentration coefficient of the organophosphorus
pesticides RI is small, so there is no significant change in the low concentration range. Under the
excitation light irradiation, the organophosphorus pesticide can absorb the photon energy and
convert it into the photothermal signal, resulting a detectable change in the RI of the solution,
and finally causing the resonance wavelength of the cladding mode to shift. Figure 5(c) plots the
variation of resonance wavelength with concentration by data fitting, and compares the sensitivity
of the two cases. The experimental results show that the sensitivity of TFBG is 1.3 pm/ppm
when detecting the concentration of chlorpyrifos solution combined with the photothermal effect
of the molecule.

Nb,CTx MXene is a two-dimensional material similar to graphene, with high specific surface
area, hydrophilicity and biocompatibility. It can adsorb more molecules to be measured, thereby
improving the sensing performance. Nb,CTx MXene was coated on the surface of TFBG
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Fig. 5. The transmission spectrum of TFBG cladding mode in sample solutions of different
concentrations under (b) irradiation and (a) without. (c) The sensitivity of chlorpyrifos
detection under two cases.

by optical deposition method and used to detect chlorpyrifos sample solutions of different
concentrations. Similarly, for Nb,CTx MXene-TFBG, the transmission spectrum of TFBG
still has no significant shift (Fig. 6(a)), which further indicates the coefficient between the RI
and concentration of organophosphorus pesticides. Figure 6(b) shows the change of TFBG
transmission spectrum with chlorpyrifos concentration under the irradiation of 400 nm excitation
light. It can be clearly seen that the resonance wavelength at the “cut-off” point of the TFBG
cladding mode red-shifted with the increase of sample concentration, and the resonance intensity
decrease. Furthermore, the resonance wavelength and intensity of the core mode keep constant,
make it an ideal temperature reference. The detection sensitivity is improved to 1.8 pm/ppm and
0.0285 dB/ppm with the linearity of 0.95512 and 0.93946, as shown in Fig. 6(c). The limit of
detection (LOD) of the chlorpyrifos was found to be as small as 0.35 ppm, which is far below
the concentration lead to apoptosis of 18 mg/L [33]. A performance comparison of different
methods for detecting chlorpyrifos is shown in Table 1. Using this method, real-time and accurate
concentration detection of pesticide residues in food and soil can be performed.

3.4. Discussion of temperature and selectivity

In the detection of organophosphorus pesticides, the temperature change induced by the molecular
photothermal effect is very small, so it is necessary to eliminate the influence of environmental
temperature on the experimental results. The core mode of TFBG is inherently insensitive to the
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Table 1. Performance comparison of the different methods for the detection of chlorpyrifos

Linear Range Temperature

Method LOD (ppm) (ppm) compensated Ref

GC-MS 0.5 0.5-5 - [6]

Electrochemistry 0.14x 1073 0.02-0.1 - [11]

Optical fiber 0.04 0.05-2 No [34]

SPR 0.002 10-80 No [14]

Infrared micro-imaging 0.98 100-10000 No [35]
PTS based Nb,CTx -TFBG 0.35 10-50 Yes This work




Vol. 12, No. 11/1 Nov 2021/ Biomedical Optics Express 7060 |
Biomedical Optics EXPRESS A

RI, but similar to the cladding modes, it is sensitive to the temperature. Therefore, we can avoid
the temperature effect by using spectral interrogation of core mode.

In order to investigate the temperature response of Nb,CTx MXene-TFBG, the prepared
biosensor was placed in a temperature chamber, and recorded its transmission spectrum with the
ambient temperature (Fig. 7(a)). The experimental results show that the resonance wavelength of
TFBG red-shifted gradually with increase of temperature from 40 °C to 80 °C, and the temperature
sensitivity of core mode and cladding modes are 8.72 pm/°C and 8.13 pm/°C, respectively
(Fig. 7(b)). Combined with the experimental results in section 3.2, both the concentration of
chlorpyrifos and temperature will cause the resonance wavelength of the cladding mode to shift.
Therefore, the ambient temperature will produce experimental errors and affect the detection
of chlorpyrifos. However, the core mode is only sensitive to temperature, and temperature
compensation can be performed by referring core mode to avoid the influence of ambient
temperature. The temperature induced concentration measurement error is 4.84 ppm/°C.
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Fig. 7. (a) Temperature response of the Nb,CTx MXene-TFBG. (b) The temperature
sensitivity of TFBG cladding mode and core mode.

The selectivity test was performed to exclude the influence of other interfering substances that
may be contained in the pesticide. The proposed method was used to detect 50 ppm solutions of
K*, Na* and Ca®*, and its selectivity was verified by comparing spectral responses, as shown in
Fig. 8. The experimental results show that the chlorpyrifos solution induces a significant shift in
the resonance wavelength of the cladding mode compared with the other three inorganic ions.
This shows that the Nb,CTx MXene-TFBG biosensor based on the molecular photothermal effect
exhibits selectivity and eliminate the influence of other potentially interfering substances. It is
worth noting that the selectivity of photothermal spectroscopy comes from the optical absorption
at specific wavelengths by the analyte [15]. This avoids the functionalization on the surface of
the optical fiber, and effectively simplifies the operation difficulty of the experiment.
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Fig. 8. Selectivity test of the Nb,CTx MXene-TFBG biosensor based on the molecular
photothermal effect.

4. Conclusion

In conclusion, we have demonstrated a pesticide biosensor based on molecular photothermal
effect using Nb,CTx MXene-TFBG. Under the excitation light irradiation, the photothermal effect
of chlorpyrifos induce a detectable change of RI, resulting in the transmission spectrum of TFBG
cladding mode changes. Nb,CTx MXene was coated on the surface of TFBG, allowing more
molecules to be absorbed and enhancing the interaction between light and matter, which improves
the sensitivity to 1.8 pm/ppm and 0.0285 dB/ppm. The LOD as low as 0.35 ppm. In addition,
the influence of the ambient temperature is eliminated by detecting the change of TFBG core
mode, and the obtained temperature compensation coefficient is 4.84 ppm/°C. The sensitivity can
be improved by optimizing the deposition technique of integrating material and photothermal
excitation conditions. This method exhibits many advantages of low LOD, specificity, temperature
compensation, and real-time online monitoring, making it a good candidate for medical, chemical
and environmental monitoring.
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